An important step toward successful pregnancy involves invasion of the trophoblast cells into the decidua for placentation. Herein, we show that in the human and baboon decidua HOXA10 expression is downregulated after implantation and that this reduction is most prominent in the decidual cells juxtaposed to the invading placental villi. The supernatants derived from HOXA10-depleted human decidual cells increase the invasiveness of the trophoblast cell lines ACH-3P and JEG3 in vitro; this increase is due to higher expression and activity of matrix metalloproteases (MMPs) and reduced expression of tissue inhibitors of MMPs in both the cell lines. The proinvasive ability of HOXA10-depleted decidual cells is due to increased levels and secretion of leukemia inhibitor factor (LIF) and interleukin (IL)-6. Both these cytokines individually promote invasion of ACH-3P and JEG3 cell by increasing the activities of MMPs and decreasing mRNA levels of TIMPs. Finally, we demonstrate that the supernatants derived from HOXA10-depleted decidual cellphosphorylated STAT3 (Tyr 705) and knocking down STAT3 in ACH-3P and JEG3 cells restrained the invasion mediated by supernatants derived from HOXA10-depleted decidual cells. These results imply that STAT3 activity is essential and sufficient to promote invasion in response to downregulation of HOXA10 in decidual cells. We propose that downregulation of HOXA10 in the decidual cells promotes the expression of LIF and IL-6, which, in a paracrine manner, activates STAT3 in the trophoblast cells, leading to an increase in MMPs to facilitate invasion. (Endocrinology 158: 2618(Endocrinology 158: -2633(Endocrinology 158: , 2017 
S
uccessful pregnancy requires implantation of the blastocyst in the maternal endometrium and subsequent placentation. In this multistep process, the trophectodermal cells of the blastocyst first adhere and then invade into the endometrium; the endometrial stromal cells at the same time transform into the decidua, where the trophectodermal cells differentiate to become extravillous and villous trophoblasts (1) . The extravillous trophoblasts (EVTs) eventually invade the decidua for placentation, leading to spiral artery remodeling (2) . The invasion of EVTs in the decidua has to be tightly regulated both spatially and temporally, and any defects in this process can cause shallow placentation, which is associated with pregnancy disorders like preeclampsia and fetal growth restriction, which are major causes of fetomaternal morbidity and maternal deaths (2) (3) (4) .
At the time of implantation, the endometrial stromal cells transform into specialized secretory decidual cells. This transformation promotes influx and differentiation of natural killer cells and macrophages (5) . It is believed that the decidual natural killer cells are critical regulators of trophoblast invasion (6, 7) , and this invasionpromoting activity of the decidual natural killer cells is believed to be due to their ability to secrete proinvasive factors (mainly cytokines) (8) . However, mice that lack natural killer cells are generally not infertile and do not have major defects in placentation, suggesting that other mechanisms might govern trophoblast invasion (9) . Recent evidence suggests that decidualized endometrial stromal cells may be regulators of trophoblast invasion (10) . Incubation of trophoblast cells with conditioned medium from decidual cells increases their invasive behavior and changes the expression of proteases and integrins resembling a molecular phenotype of invasive EVTs (11) (12) (13) . Interestingly, the decidual cells also secrete cytokines [e.g., interleukin (IL) that are direct regulators of trophoblast invasion (10, 14, 15) , suggesting that the decidualized endometrial stromal cells control trophoblast invasion. Indeed, defective decidualization is observed in women with pregnancy complications such as early spontaneous abortions and preeclampsia, which are associated with defective placentation (3) (4) (5) . These observations imply that decidual cells are regulators of trophoblast invasion and that any alterations in their functions can lead to defective placentation. Although the role of decidual cells in governing trophoblast invasion is becoming clear, the molecular mechanisms by which it does so are yet not known.
Among the various genes that control decidualization, the homeobox transcription factor HOXA10 is indispensable for the decidual transformation of endometrial stromal cells. HOXA10 belongs to the class of Abdominal B-like homeobox genes and is essential for specification of anterior uterus during embryogenesis (16) . In the adult endometrium, HOXA10 is expressed by both epithelial and stromal cells in a menstrual cycle-dependent manner and is regulated by progesterone (17) (18) (19) (20) . The expression of HOXA10 peaks in the endometrium at the time of embryo implantation, and this peak is required for decidualization of stromal cells (21) (22) (23) (24) . In an attempt to understand the mechanisms by which HOXA10 would govern decidualization, we performed microarray of human in vitro decidual cells lacking HOXA10 and found increased expression of a large number of genes that had known roles in trophoblast invasion (Supplemental Table 1 ). These observations prompted us to speculate that decidual HOXA10 might have some roles in regulation of trophoblast invasion. However, to the best of our knowledge, the involvement of decidual HOXA10 in the regulation of trophoblast invasion has not been investigated.
Thus, in the current study we aimed to determine the role of decidual HOXA10 in trophoblast invasion. We demonstrate in vivo that downregulation of HOXA10 in decidual cells after implantation enhances the levels of gp130 cytokines, which in a paracrine manner activate STAT3 in trophoblast cells to stimulate invasion.
Materials and Methods

Ethics statement
Human samples were collected after written informed consent, and the protocol was approved by the Institutional 
Collection of human and baboon tissues
Proliferative-phase human endometrium was obtained from five subjects undergoing gynecological surgery. Luteal-phase endometrial biopsies were obtained from healthy normally cycling women. The phase of the cycle was estimated by last menstrual period and verified histologically by a pathologist. Decidual tissues were archived samples used previously (25) obtained from women undergoing medical termination of pregnancy in the first trimester (10 to 12 weeks of gestation). Mature cycling female baboons (Papio anubis) were mated with fertile male baboons during the periovulatory period, as determined by sex skin tumescence. The stage of pregnancy was confirmed by ultrasound, circulating levels of chorionic gonadotropin, estradiol, and progesterone as described previously (26, 27) . Tissues were obtained on days 18 to 25 (n = 3) and on days 40 to 60 (n = 5) of the last menstrual bleed corresponding to implantation and postimplantation stages, respectively. All the tissues were processed for RNA extraction and paraffin embedding and sectioning.
Immunohistochemistry and immunofluorescence
Immunohistochemistry for HOXA10 was performed as detailed previously (23) . Briefly, sections were deparaffinized and probed overnight with the primary antibody against HOXA10. On the next day, the slides were washed and incubated in biotinylated secondary antibody followed by incubation with streptavidin-labeled horseradish peroxidase. Detection was done using the ABC Staining System (Santa Cruz Biotech, Dallas, TX). All the sections were counterstained with hematoxylin and scored for the intensity of the nuclear and cytoplasmic staining by H score method (Supplemental Table 2 ).
Double immunofluorescence was performed, where the slides incubated simultaneously with antibodies against HOXA10 and cytokeratin (to detect trophoblasts). After extensive washings, the sections were incubated with Alexa 568-conjugated anti-goat secondary antibody to detect HOXA10 and FITC-labeled anti-rabbit secondary antibody to detect cytokeratin. The sections were counterstained with 4 0 ,6-diamidino-2-phenylindole (Sigma-Aldrich Inc., St. Louis, MO) and mounted in antifade medium (Vector Laboratories, Burlingame, CA). The negative control sections were incubated without the primary antibody. Images were taken under a confocal microscope (Leica SP8, Mannheim, Germany). The details of the antibodies used and their dilutions are given in the Appendix. the levels of prolactin and IGFBP-1 were measured in the culture supernatants using commercially available ELISA kits (R&D Systems, Minneapolis, MN, for IGFBP-1; Calbiotech, Spring Valley, CA, for prolactin).
HOXA10 knockdown in decidual cells and collection of conditioned medium
The endogenous expression of HOXA10 in the in vitro decidualized endometrial stromal cells was knocked down by small interfering RNA (siRNA) as described previously (14) . Briefly, the decidualized cells (day 21 of steroid treatment) were transfected with scrambled or HOXA10-specific siRNA (sequences in Supplemental Table 3 ) using HiPerFect transfection reagent (Qiagen, Germantown, MD). Previous studies have shown that HOXA10 in the stromal cells is maximally downregulated by 3 days after transfection (14) ; thus, the amounts of HOXA10 mRNA and protein were assessed at 72 hours of transfection by real-time polymerase chain reaction (PCR) and Western blotting as described later.
To obtain the conditioned medium, the cells were fed with fresh medium, and after 24 hours the supernatants were collected and centrifuged to remove cellular debris. The medium was immediately frozen in aliquots at 280°C until use. Each vial of supernatant was thawed and used immediately for experiments, and the leftover medium was discarded.
Trophoblast invasion assay
JEG3 cells (DZMO, Braunschweig, Germany) and ACH-3P cells (kind gift from Dr. Gernot Desoye, Medical University Graz, Austria) were maintained as detailed earlier (28, 29) . JEG3 is a choriocarcinoma cell line, and ACH-3P are hybrid cells from the fusion of primary human first-trimester trophoblasts (week 12 of gestation) with a human choriocarcinoma cell line (AC1-1). Both the cell lines have a molecular repertoire identical to the human first-trimester invasive trophoblasts (30, 31) .
Matrigel matrix-based invasion assay was performed in triplicate as described previously (12, 29) . Briefly, the trophoblast cells were challenged with neat or 25% diluted decidual cell conditioned medium and loaded onto the growth factor-reduced Matrigel matrix (BD Biosciences, Bedford, MA) in the upper chamber of the transwell inserts. To study the effects of leukemia inhibitor factor (LIF) and IL-6 on trophoblast invasion, ACH-3P and JEG3 cells were treated individually with varying concentrations of recombinant LIF (Sigma-Aldrich) or IL-6 (Peprotech, Rocky Hill, NJ) and loaded on to Matrigel inserts. The control cells were treated with plain medium. After 24 hours, the cells on the lower side of the membrane were stained with 0.2 mM Hoechst 33342 nuclear dye (Biotium Inc., Hayward, CA) and counted under a fluorescent microscope (Eclipse 80i; Nikon, Chiyoda Ku, Japan).
To study the effect of STAT3 silencing on trophoblast invasion, ACH-3P and JEG3 cells were transfected with an siRNA against STAT3; scrambled siRNA was used as control (sequences in Supplemental Table 3 ). The extent of knockdown was determined by Western blot 48 hours after transfection, and invasion assay was carried out as described previously using 25% dilution of the conditioned medium from decidual cells.
Gelatin zymography
The supernatants of JEG3 and ACH-3P cells were used to measure the activity of matrix metalloproteinase (MMP)-2 and MMP-9 by gelatin zymography as described previously (12) . Briefly, ACH-3P and JEG3 cells were treated with conditioned medium derived from the decidual cells or recombinant LIF or IL-6 for 24 h. The medium was collected and resolved on nondenaturing 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis containing gelatin (Sigma-Aldrich). The gels were washed in Triton X-100 and incubated overnight in the reaction buffer [50 mM Tris-HCl (pH 7.6), 10 mM CaCl 2 , and 0.02% sodium azide], stained with Coomassie Brilliant Blue (Sigma-Aldrich), and washed until clear bands appeared on the dark background. The intensity of bands was measured by gel documentation system.
Western blot
Western blotting was used to determine the level of HOXA10 in decidual cells and STAT3 and phospho-STAT3 (Tyr 705) in trophoblast cells. b-Actin was used as loading control as described previously (29, 32) . Briefly, proteins were extracted using RIPA buffer (Cell Signaling Technology, Danvers, MA), separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes. The blots were probed with an optimized concentration of the primary antibody followed by an appropriate horseradish peroxidase-labeled secondary antibody, and detection was done using the chemiluminescence detection kit (Pierce, Thermo Scientific, Rockford, IL). As negative control, blots were incubated without the primary antibody. Densitometric analysis of the bands was done using a gel documentation system. Band intensities were normalized to the housekeeping (b-actin or total STAT3) proteins.
Real-time reverse transcription-PCR
Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA), treated with DNAse I, and reverse transcribed using random hexamers (BD Biosciences). Real-time PCR was performed in triplicate using SYBR green super mix (Biorad, Hercules, CA) as described earlier (23) . The sequences of the primers used and their optimized annealing temperatures are detailed in Supplemental Table 3 . The mean cycle threshold value for the gene of interest was normalized to the corresponding 18S rRNA value for each sample, and the relative expression was calculated.
Bead arrays
The levels of LIF, IL-6, and IL-15 in the culture supernatants were measured using the Bio-Plex system (Bio-Rad Laboratories, Singapore). Briefly, 50 mL of neat medium and appropriately diluted standards were incubated in 96-well plates with the primary antibody-coated beads. After incubation, the beads were probed with a biotinylated secondary antibody, and detection was done using phycoerythrin-conjugated streptavidin. The fluorescence intensities on the beads were read using the Bio-plex reader, and data were analyzed using the Bio-Plex Manager software (Bio-Rad).
Results
HOXA10 is downregulated in human and baboon decidua during pregnancy
As compared with the luteal-phase human endometrium, the expression of HOXA10 was found to be Fig. 1(c) ]. This reduced expression in the decidua was not due to any generalized changes in the tissues during processing because subsequent sections from the same tissues intensely stained for IGFBP-1 (Supplemental Fig. 1 ). Real-time PCR was carried out to determine if the reduction in HOXA10 protein was due to reduction in its mRNA. In the human decidual tissue, levels of HOXA10 mRNA were significantly lower as compared with those observed in the luteal-phase endometrium [ Fig. 1(d) ].
In pregnant baboons, HOXA10 was detected in the nucleus and cytoplasm of stromal cells of the implantation-stage endometrium (days 18 to 25 from the last menstrual bleed); after implantation (days 40 to 60), when the endometrial stromal cells decidualized, the expression of HOXA10 was lower and mainly cytoplasmic [ Fig cells transfected with scrambled siRNA. The bands corresponding to b-actin did not differ between the two groups (Supplemental Fig. 2 ). There was an almost 70% reduction in levels of HOXA10 protein in the decidual cells after 72 hours of siRNA transfection. This difference was statistically significant.
The levels of IL-15 mRNA were measured in decidual cells by real-time PCR. As compared with the scrambled transfected controls, the levels of IL-15 mRNA were significantly higher in the HOXA10-silenced cells [ Fig.  2(d) ], and the protein was found to be significantly higher in the supernatants of the same cells [ Fig. 2(d) ].
HOXA10 is differentially expressed in the decidua at the sites of trophoblast invasion compared with noninvading sites
Immunohistochemically, in the human decidual sections where placental villi were detected [ Fig. 3(a) ], the expression of HOXA10 was weaker as compared with that observed in decidual tissue that did not contain villous tissues [ Fig. 3(b) ]. The H score for HOXA10 was significantly lower in the implantation site decidua as compared with decidua from the nonimplantation site [ Fig. 3(c) ]. To verify this, immunofluorescence for HOXA10 and cytokeratin (trophoblast marker) was performed and demonstrated weak staining for HOXA10 in decidual tissue juxtaposed to the placental villi [ Fig. 3(d) ] that were stained green for cytokeratin as compared with those sections where the villi were not detected [ Fig. 3(e) ]. The negative control [ Fig. 3(f) ] did not show any staining.
In the tissue sections from the implantation site of pregnant baboon (40 to 60 days from last menstrual bleed), invading trophoblast cells and placental villi were seen. The expression of HOXA10 was weaker in the decidual cells as compared with the decidua from the nonimplantation sites [ Fig. 3(g) and 3(h) ]. No staining was detected in the negative sections. The H score for HOXA10 in the decidual tissue from the implantation sites was significantly lower (P , 0.005) as compared with that for the decidua from the nonimplantation site [ Fig. 3(i) ]. The levels of HOXA10 mRNA were also found to be lower in implantation site as compared with nonimplantation sites (Supplemental Fig 2) .
Downregulation of HOXA10 in decidual cells increased the invasion of trophoblast cells
To examine if the loss of HOXA10 in decidual cells affects trophoblast invasion, culture supernatant derived from HOXA10 knockdown decidual cells was used to test the invasiveness of ACH-3P and JEG3 cells (Fig. 4) . As compared with controls (culture supernatant obtained from predecidualized stromal cells), the medium derived from decidualized stromal cells significantly increased the invasion of ACH-3P and JEG3 cells. However, when HOXA10 was knocked down in the decidual cells, the medium increased the number of invading ACH-3P and JEG3 cells further by six-to eightfold over predecidualized controls; this increase was statistically significant. There was no significant difference in invasiveness of ACH-3P or JEG3 cells with neat or 25% diluted medium (Fig. 4) .
Downregulation of HOXA10 in decidual cells
As compared with the medium derived from scrambled siRNA-transfected controls, treatment of ACH-3P cells with culture medium derived from HOXA10-depleted decidualized cells significantly increased the levels of MMP-2, -3, and -9 mRNA. In ACH3P cells, the expression of MMP-2 and MMP-3 mRNA increased by approximately twofold, and the MMP-9 mRNA expression increased by approximately threefold [ Fig. 5(a) ]. In case of JEG3 cells, as compared with controls, medium derived from HOXA10-depleted decidual cells increased the expression of MMP-9 mRNA by approximately twofold. However, there were no significant differences in levels of MMP-2 and MMP-3 mRNA between the two groups [ Fig. 5(a) ].
In the case of tissue inhibitors of matrix metalloprotease (TIMPs), as compared with medium from scrambled siRNA-transfected controls, the medium from HOXA10-depleted decidual cells significantly reduced the expression of TIMP-1 mRNA in ACH-3P cells and TIMP-2 mRNA in JEG3 cells. The levels of other TIMPs were not significantly different in both the groups [ Fig. 5(b) ]. Gelatin zymography was performed to analyze the observed changes in the expression of MMPs. Bands corresponding to MMP-9 and MMP-2 were observed in supernatants obtained from both ACH-3P and JEG3 cells. No bands were detected in the lanes loaded with heat-inactivated culture supernatant, indicating the specificity of the assay. All the lanes had equal loading as judged by Coomassie blue staining of cognate gels [ Fig. 5(c) ]. In the case of ACH-3P cells challenged with culture medium derived from HOXA10-depleted decidual cells, bands corresponding to both MMP-9 and MMP-2 were more intense as compared with those observed for ACH-3P cells incubated with culture medium derived from scrambled siRNA-transfected decidual cells. Quantitatively, the activity of MMP-2 and -9 increased significantly by ;1.5-and 5-fold, respectively [ Fig. 5(d) ]. In the case of JEG3 cells challenged with the culture supernatant derived from HOXA10-silenced decidual cells, a significant increase (approximately threefold) in activity of MMP-9 was observed [ Fig. 5(d) ]. However, the activity of MMP-2 remained unchanged between the two groups.
Downregulation of HOXA10 increased the expression and secretion of LIF and IL-6 in the decidual cells
In the decidual cells depleted for HOXA10, the mRNA levels of LIF and IL-6 were significantly higher (;10-and We also measured the mRNA levels of TIMP-1, -2, and -3 in ACH-3P and JEG3 cells challenged with LIF and IL-6 (Supplemental Fig. 3 ). In ACH-3P cells, LIF significantly reduced the mRNA levels of all the three TIMPs. In case of JEG3 cells, the levels of TIMP-1 mRNA were unaffected, whereas TIMP-2 and TIMP-3 levels were reduced significantly by LIF. IL-6 significantly reduced the mRNA levels of TIMP-2 and -3 in both ACH-3P and JEG-3 cells, but the level of TIMP-1 mRNA was unaffected in both the cell lines.
Silencing of HOXA10 in decidual cells increased STAT3 phosphorylation in trophoblast cells
As compared with controls (medium from scrambled siRNA-transfected cells), treatment of ACH-3P and JEG3 cells with supernatants from HOXA10 siRNAtransfected cells modestly increased the phosphorylation of STAT3 (Tyr 705) at 10 minutes, which was not statistically significant (Fig. 7) . However, at 30 minutes of incubation phosphorylation of STAT3 (Tyr 705) increased significantly in both ACH-3P and JEG3 cells as compared with controls [ Fig. 7(c) and 7(d) ]. The levels of total STAT3 and b-actin did not differ between the groups [ Fig. 7(a) and 7(b) ].
STAT3 in trophoblast cells is necessary and sufficient to increase invasion mediated by loss of HOXA10 in decidual cells
As compared with scrambled siRNA controls, there was a significant (;90%) reduction in STAT3 protein in ACH-3P and JEG3 cells transfected with STAT3-specific siRNA [ Fig. 8(a-d)] . These cells were then used for Matrigel-based invasion assay to study the effect of the conditioned medium derived from HOXA10-depleted cells in this system. As expected [ Fig. 8(e) and 8(f) ], the invasion of untransfected and scrambled siRNAtransfected ACH-3P and JEG3 cells increased by four-to fivefold in response to medium derived from HOXA10 knockdown decidual cells when compared with medium derived from controls (scrambled siRNA-transfected decidual cells). However, this increase was not observed when STAT3 was silenced in the trophoblast cells. The invasiveness of the STAT3 knockdown ACH-3P and JEG3 cells was identical when challenged with medium derived from HOXA10-knocked down decidual cells and medium derived from scrambled transfected decidual cells [ Fig. 8(e) and 8(f) ].
Discussion
Previous studies have shown that levels of HOXA10 in the endometrium increase from the follicular to luteal phase and increase further in the decidualizing stromal cells at the time of implantation (17) (18) (19) (20) (21) (22) (23) . Transcripts for HOXA10 have also been reported in first-trimester human decidua (17, 33) . Interestingly, mice knockout for HOXA10 have implantation failure, and the stromal cells fail to proliferate just prior to decidualization (20, 24) . These observations led to the notion that HOXA10 is indispensable for implantation and can be considered as a hallmark of successful decidual transformation (18, 19) . However, herein, we observed that, as compared with luteal-phase human endometrium, the expression of HOXA10 mRNA and protein are downregulated in first-trimester human decidua. Corroborating the human data, we also observed that even in baboons the levels of HOXA10 mRNA and protein are reduced in the postimplantation-stage decidua as compared with implantation-stage uterus. Similar to HOXA10, in the mouse, NOTCH1 peaks in the endometrium at the time of embryo implantation, whose expression gets rapidly downregulated in the decidua after implantation (34). These observations suggest that the decidual transformation may be a biphasic process that occurs first at the time of embryo implantation and then after implantation. We have previously shown that there is an increase in expression of HOXA10 in human endometrial stromal cells during in vitro decidualization (14) ; silencing the expression of HOXA10 in decidualized cells increases the expression of decidual marker IGFBP-1, whereas overexpressing HOXA10 leads to its downregulation (35) , suggesting that reduction in HOXA10 may be required for further differentiation of the stromal cells. To address this further, we studied the level of IL-15, which is known to be required for decidualization (36, 37) . We observed that the levels of IL-15 are increases in Figure 6 . Effects of HOXA10 knockdown in the in vitro decidualized human endometrial stromal cells on expression of LIF and IL-6 and the effect of recombinant LIF and IL-6 on trophoblast invasion and activity of MMPs. In vitro decidualized endometrial cells were transfected with scrambled and HOXA10 siRNA. After 72 hours, the RNA was isolated and processed for the analysis of the expression of LIF and IL-6 by real-time PCR. Supernatants were used to measure the levels of secreted LIF and IL-6 proteins through bead arrays. the endometrial stromal cells upon in vitro decidualization; its levels are elevated further upon HOXA10 knockdown. These observations imply that at the time of embryo implantation, HOXA10 is essential for initial transformation of endometrial stromal cells. Loss of HOXA10 subsequently leads to its further differentiation in to decidual cells.
We next asked what could be the functional significance of loss of HOXA10 in the decidual cells. In this study, we observed that although the expression of HOXA10 was reduced in the decidua, the levels were relatively lower in decidual cells juxtaposed to the placental villi as compared with the decidual tissue where the placental villi were absent. We also observed that the levels of HOXA10 mRNA were lower in the baboon decidual cells at the site of implantation site as compared with nonimplantation sites. These observations led us to speculate that loss of HOXA10 in the decidual cells may have an association with trophoblast invasion. To address this question, we studied the effects of culture supernatants derived from primary cultures of human endometrial stromal cells, in vitro decidualized stromal cells, and HOXA10 knockdown decidual cells on invasion of trophoblast cell lines JEG3 and ACH-3P. This experiment allowed us to specifically investigate the functional significance of HOXA10 downregulation in the decidual cells. The results revealed that although initial transformation of endometrial stromal cells is essential for trophoblast invasion, when HOXA10 is specifically depleted in the decidual cells there is an increase in invasion of both ACH-3P and JEG3 cells. These observations imply that decidual transformation of endometrial stromal cells is essential to permit trophoblast invasion, and loss of HOXA10 in these cells further potentiates the invasion process.
Trophoblast invasion in the decidua is an active process that requires degradation of the extracellular matrix proteins. The EVTs produce a plethora of MMPs, of which MMP-2 and -9 are indispensable for invasion (38, 39) . The activities of the MMPs are negatively regulated by the TIMPs, and the relative abundance of MMPs and TIMPs produced by the EVTs regulates invasion (38, 39) . Herein we observed that the supernatants derived from HOXA10-depleted decidual cells significantly elevated mRNA expression levels of the MMP-2, -3, and -9 in ACH-3P cells and MMP-9 in JEG3 cells; there was also a concomitant increase in enzymatic activity of MMP-2 and -9 in ACH-3P cells and MMP-9 in JEG3 cells. Intriguingly, along with the increase in MMPs, there was a decrease in the mRNA levels of TIMP-1 in ACH-3P and TIMP-2 in JEG3 cells. The precise reason for such differential responses of the two cell lines in terms of regulation of MMPs and TIMPs is unclear. However, similar differences are observed in various trophoblast cell lines in response to different stimuli (10, 28, 31) , and these are thought to occur due to the differences in the signaling mechanisms used by the different cell lines (28, 40) . In our case too, it is possible that the JEG3 and ACH-3P cells use different signaling pathways to respond to the culture supernatants leading to such disparate responses. Nevertheless, irrespective of these differences, our results indicate that loss of HOXA10 in the decidual cells in a paracrine manner in general increases the MMPs and downregulates the TIMPs in the trophoblast cells to aid trophoblast invasion.
We next aimed to understand the mechanism by which loss of HOXA10 in the decidual cells increases trophoblast invasion. Because secretions derived from decidualized cells with reduced HOXA10 promoted trophoblast invasion, we hypothesized that downregulation of HOXA10 must increase the expression of some proinvasive factors in the decidual secretions. Analysis of the microarray data of the uterine/decidual cells depleted of HOXA10 identified several differentially expressed genes that are known regulators of trophoblast invasion (Supplemental Table 1 ). Among these, the increase in levels of LIF, IL-6, and IL-11 in the HOXA10 knockdown decidual cells was interesting because they are known to be abundantly produced by first-trimester human decidua and to promote trophoblast invasion (36, 37, (40) (41) (42) (43) (44) . We have previously reported an increase in expression of IL-11 by HOXA10 knockdown in decidual cells (14) . In this study we further validated the microarray data by reverse transcription PCR and observed that the mRNA expression of IL-6 and LIF also increased by severalfold in the HOXA10-depleted decidualized cells. Furthermore, the levels of LIF and IL-6 proteins are also higher in the secretions of HOXA10-depleted cells, suggesting that the loss of HOXA10 in the decidual cells would increase the production of gp130 cytokines, which, in a paracrine manner, would promote invasion. Indeed, both recombinant LIF and IL-6 individually were found to increase the invasion of ACH-3P and JEG3 cells; akin to the cell supernatants, both the cytokines increased the activity of MMP-2 and -9 in ACH-3P cells and MMP-9 in JEG3 cells. LIF and IL-6 also downregulated TIMP-1 and TIMP-2 mRNA levels in both cell lines. Taken together, our observations imply that loss of HOXA10 in decidual cells would increase the expression and secretion of LIF and IL-6, which in a paracrine manner would alter expression of MMPs and TIMPs in the trophoblast cells to promote invasion.
In most cells, including trophoblasts, LIF and IL-6 activate the Janus kinase pathway to phosphorylate cytoplasmic STAT3, which translocates to the nucleus and activates the expression of its target genes (mainly MMPs) to drive invasion (40, 44, 45) . This phosphorylation is essential because reduced pSTAT3 is observed in trophoblast cells from placenta of pregnancies complicated with shallow invasion (46) . Thus, we next tested the effects of supernatants derived from HOXA10-depleted decidual cells on STAT3 phosphorylation in trophoblast cells. The results revealed that the culture supernatants derived from HOXA10-silenced decidual cells phosphorylated STAT3 (Tyr 705) in both the cell lines and activated the STAT pathway. We next asked if the invasion-promoting ability of the paracrine signals from the HOXA10-depleted decidual cells is STAT3 dependent. For the purpose, the expression of STAT3 in ACH-3P and JEG3 cells was knocked down by siRNA, and their invasive ability in response to supernatants from decidual cells with reduced HOXA10 was tested. The results revealed that the invasion-promoting ability of supernatants derived from HOXA10-depleted decidual cells was significantly compromised when STAT3 was silenced in JEG3 and ACH-3P cells. A similar attenuation in invasion of trophoblast cells in response to LIF and IL-6 in the absence of STAT3 has been previously reported (29, 32, 44, 45) . These results imply that STAT3 activation is necessary and sufficient to increase trophoblast invasion mediated by loss of HOXA10 in decidual cells.
Together our data indicate that loss of HOXA10 in decidual cells increases the expression and secretion of LIF and IL-6, which in a paracrine manner phosphorylates STAT3 in the trophoblast cells to increase expression of MMPs and promote invasion.
In summary, our results show that trophoblast invasion in the decidua appears to be a two-step process controlled by HOXA10 (Fig. 9) . In the first step, at the time of implantation, high levels of HOXA10 in the stromal cells promote decidualization, making the tissue conducive for trophoblast invasion. In the second step, with the downregulation of HOXA10 in the decidual cells, there is a burst in production of LIF and IL-6, which in a paracrine manner activates STAT3 and stimulates MMP expression in the trophoblast cells to enhance their invasion. In decidual cells that retain HOXA10 (like at the nonimplantation sites), there is limited production of proinvasive molecules there by restraining invasion. Based on these data, it is tempting to postulate that, during the course of pregnancy, there could be zones of high and low amounts of HOXA10, creating localized gradients of proinvasive factors in the decidua, which would differentially regulate STAT3 activity and MMP production by the trophoblast cells, thereby permitting an ordered and judicious invasion (Fig. 9) . Such an activity of HOXA10 would be highly desirous in vivo to avoid premature invasion and may aid in setting the limit of the placentation within the decidua. It will be of interest to study the expression of HOXA10 in the decidua of pregnancies complicated with defective trophoblast invasion and determine how defective HOXA10 signaling might contribute to placentopathies, which are the leading causes of obstetric complications.
Our findings have revealed important molecular steps in the process of decidualization and decidual control of placentation. These results will have critical relevance in basic understanding of trophoblast biology and may also explain the molecular basis of obstetric complications caused due to faulty trophoblast invasion. 
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